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Abstract Objective Migraine is a leading neurological disorder and the fourth most common cause of years lived with
disability worldwide, affecting nearly 116 million individuals. Although pharmacological treatments are available, their efficacy is
often limited by side effects and variable response rates. Repetitive transcranial magnetic stimulation (rTMS) over the dorsolateral
prefrontal cortex (DLPFC) offers a safe, non-invasive alternative for migraine management. However, the neurophysiological
mechanisms, particularly how rTMS modulates local cortical excitability and distributed pain-related circuits, remain poorly
understood. Elucidating these mechanisms is essential for optimizing treatment protocols and improving clinical outcomes.
Methods This study employed concurrent transcranial magnetic stimulation and electroencephalography (TMS-EEG) to investigate
neuroplastic and neurocircuitry mechanisms of DLPFC-rTMS in migraine. Study / compared 30 migraineurs and 28 healthy controls
to identify abnormalities in TMS-evoked potentials (TEPs) and significant current density (SCD) within sensory-discriminative
regions including the primary somatosensory cortex (S1) and posterior insula (pINS), cognitive-affective regions including the
anterior insula (aINS) and midcingulate cortex (MCC), and a descending modulatory region, the periaqueductal gray (PAG). Study 2
used a single-blind, crossover, sham-controlled design in 34 healthy participants. Each participant received both active (10 Hz, 80%
RMT, 1 500 pulses) and sham DLPFC-rTMS in counterbalanced order. TMS-EEG and cold pain tolerance were assessed before and
after each session. Results In Study /, migraineurs showed a significantly less negative N120 amplitude compared to healthy
controls (P=0.027, Cohen’s d=0.60), indicating local intracortical disinhibition. No group differences were observed for N40, P60,
or P180 components. At the source level, migraineurs exhibited significantly higher SCD in the S1, pINS, aINS, and MCC (all
0<0.05), but not in the ventroposterior thalamus (vpTHAL), mediodorsal thalamus (mdTHAL), or PAG. In Study 2, active rTMS
significantly reduced SCD from pre- to post-stimulation in the S1, aINS, and MCC (all 0<0.05). Sham stimulation also reduced SCD
in the S1 (0<0.05) but not in the aINS or MCC. Although no significant group-level analgesic effect was observed between active
and sham conditions (P=0.107), correlation analyses revealed that greater SCD reductions in the S1 and MCC were significantly
associated with higher post-rTMS pain tolerance (R=—0.487 and —0.495, both 0<0.01) and larger improvements in pain tolerance
(R=-0.487 and -0.451, both 0<0.05). No such correlations were found following sham stimulation, suggesting that the behavioural
relevance of neural changes is specific to active rTMS. Conclusion This study provides novel evidence that migraineurs exhibit
both local neuroplastic abnormalities (reduced N120 amplitude) and hyperactivity in key pain-processing regions (S1, pINS, aINS,
MCCQ). A single session of DLPFC-r'TMS reduced hyperactivity in the aINS, MCC, and S1. Notably, greater reductions in the S1 and
MCC were associated with improved pain tolerance. These findings identify distinct cortical circuitries, particularly within the
cognitive-affective pain network, that may serve as potential biomarkers for optimizing rTMS treatment in migraine and other
chronic pain conditions. Future studies should validate these results in patient populations experiencing spontaneous migraine attacks
and explore multi-session or accelerated rTMS protocols.
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Migraine is characterized by recurrent moderate
to severe pulsating headaches!". According to the

treatment response and long-term benefits for
migraine. Accumulating evidence suggests that

Global Burden of Diseases (GBD), nearly 116 million
individuals suffer from migraine, making it the fourth
leading cause of years lived with disability
worldwide®. In addition to medications, other
treatment options are being developed to reduce
migraine  frequency and intensity. Repetitive
transcranial magnetic stimulation (rTMS) is a safe and
non-invasive form of brain stimulation technology. By
targeting the dorsolateral prefrontal cortex (DLPFC),
a few studies have demonstrated a positive effect of
rTMS on migraine conditions*®. Our group has
recently synthesised rTMS effects on migraine and
identified a clear mid-term benefit (1-6 weeks follow-
up). However, there was a significant variance in
treatment response. In addition, the long-term benefits
of rTMS were not clear for migraineurs!”. These
findings together highlight the necessity to optimise
treatment efficacy for migraineurs.

Understanding the mechanisms of action
represents an important strategy to improve rTMS

migraine is associated with abnormalities in central
nervous system plasticity, which are characterized by
adaptive and maladaptive changes at both synaptic
and neural circuit levels™. Neurophysiological
studies have identified abnormal cortical excitability
and synaptic plasticity dysfunction in patients with
migraine!'”.  Structural imaging studies have
demonstrated cortical thickness changes in pain-
processing regions such as the somatosensory cortex
and insula!'l. Animal experiments have further
confirmed that modulating synaptic plasticity can
effectively  alleviate  migraine-related  pain!'?,
Together, these findings indicate that neuroplasticity
abnormalities represent one of the core features of
migraine pathophysiology. These plastic changes not
only constitute the pathological basis for recurrent
migraine attacks, but may also serve as potential
targets for the therapeutic effects of rTMS. However,
the mechanisms by which rTMS exerts its effects in
patients with migraine remain largely unexplored.
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Only a few studies have explored the

mechanisms underlying rTMS in migraineurs. Using
functional magnetic resonance imaging (fMRI),
DLPFC-rTMS was found to increase functional
connectivity between the frontal cortex and
somatosensory and cingulate cortices!"”). Another
study demonstrated that DLPFC-rTMS increased
connectivity between the frontal and temporal
channels with electroencephalography (EEG) .
These two studies suggest a mechanism of pain
modulation in migraineurs.

Nevertheless, migraineurs are characterised by
complex and distributed network abnormalities,
extending from sensory and emotional pain
experience networks!'"'®, to pain-related attention
and modulation systems!'”'®), Existing rTMS studies
have only begun to reveal certain circuit-level effects.
Specifically, functional fMRI, while offering excellent
spatial resolution, lacks sufficient temporal resolution
to capture dynamic changes in neural activity. EEG,
though  providing  millisecond-level  temporal
resolution, offers limited spatial information.
Therefore, an approach that integrates high temporal
resolution with adequate spatial resolution is essential
for comprehensively investigating pain-related
networks in patients with migraine. Concurrent TMS-
EEG  enables  simultaneous  assessment  of
neuroplasticity and neurocircuitry changes with
millisecond-level temporal resolution, allowing for
spatiotemporal  tracking of  stimulation-evoked
activity. TMS-evoked potentials (TEPs) offer an
effective assessment of local cortical excitability
following rTMS!"*?%. In addition, TMS-EEG is able
to capture current propagation from the target to
distributed regions*'**], such that SCD calculates the
current density of a cortical region beyond the surface
regions. These technical advantages enable TMS-EEG
to characterize the spatiotemporal dynamics of rTMS
effects on multi-network abnormalities in patients
with migraine.

Using TMS-EEG, the current study was designed
to systematically uncover the neuroplastic and
neurocircuitry mechanisms of rTMS in migraineurs.
We initially revealed the neuroplastic and
neurocircuitry abnormalities in migraineurs compared
to healthy controls. We further went on to examine
whether rTMS could restore these abnormalities as
well as their role in pain experiences. We expected to
see the abnormalities and treatment effects across the
sensory and emotional pain networks, as well as pain-
related attention and modulation systems.

1 Materials and methods

1.1 Participants

Study 7 recruited both migraineurs and healthy
controls. A power analysis was conducted using
G*Power®. Group differences in current density
between chronic pain and healthy controls were
specified to compute the sample size, which ranged
from 0.68 to 0.78 in pain processing and modulation
structures®). Power analysis indicated 28 participants
in each group (alpha=0.05, power=0.80, Cohen’s d=
0.68). A total of 30 migraineurs (age range: 18-63
years; mean+SD: (38.20+13.52) years; 26 females)
were recruited from the Affiliated Hospital of
Hangzhou Normal University. The inclusion criteria
were: (1) diagnosis of migraine according to the
International Classification of Diseases, 11th Revision
(ICD-11) % (2) aged =15 years; (3) no medication
adjustments during or within 2 weeks preceding the
study; (4) ability to complete clinical assessments and
rTMS treatment; (5) willingness to participate with a
signed informed consent. The minimum age threshold
was set at 15 years to accommodate adolescent
migraine sufferers, though ultimately no participants
under 18 were enrolled in this study. The exclusion
criteria were: (1) contraindications to TMS (e. g.,
cardiac pacemakers, intracranial metal implants,
epilepsy history, or pregnancy); (2) severe psychiatric
disorders (Hamilton Depression Rating Scale score
235 or Hamilton Anxiety Rating Scale Score >29);
(3) aphasia or cognitive impairment (Mini-Mental
State Examination Score<23); (4) history of
neurosurgery, ) severe cardiopulmonary
dysfunction, extreme debilitation, or other unstable
clinical conditions.

A total of 28 healthy, right-handed, TMS-eligible
adults (age range: 18-63 years; mean+SD: (40.7+
14.5) years; 23 females) were recruited to match the
gender and age of migraineurs”?”. Independent sample
t-test indicated no significant difference in age
between groups (#(56) =0.68, P=0.516). Chi-square
test with Yates’ continuity correction showed no
significant difference in gender distribution (y’(1)=
0.013, P=0.910), confirming that the two groups were
well matched for age and gender. Exclusion criteria
included a current or past psychiatric diagnosis or
psychotropic medication use, assessed via the Mini-
International Neuropsychiatric Interview (MINI) ¥,
Both the migraineurs and healthy controls provided a
written informed consent. This study was approved by
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the Ethics Committee of Hangzhou Normal
University Affiliated Hospital (2022E2HS027) and
conducted in accordance with the Declaration of
Helsinki.

Study 2 enrolled 36 healthy participants with the
same inclusion and exclusion criteria of healthy
controls as study /. Two participants withdrew after
the first session due to unwillingness to continue, and
data from 34 participants were analysed (age range:
18-25 years; meantSD: (20.85£2.03) years; 20
females). All participants provided written informed
consent. Study 2 received ethical approval from the
Centre for Cognition and Brain Disorders at
Hangzhou Normal University (20201218) and
adhered to the Declaration of Helsinki.

> Recruitment >> TMS-EEG >

1.2 Experimental design and procedures

In study /, single-pulse TMS-EEG was used to
assess neuroplastic and neurocircuitry responses in
both migraineurs and healthy controls. Study 2 was a
single-blind, crossover, and sham-controlled design.
Participants completed two laboratory visits (interval>
72 h; mean+SD: (7.34+6.05) d) where they received
left DLPFC and sham stimulation in a pseudo-
randomised, counterbalanced order. Single-pulse
TMS-EEG was administered to the left DLPFC pre-
and post-rTMS. A cold pain protocol was also
performed before and after each session (Figure 1).
All the methods were the same in these two studies
unless specified.
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Fig.1 Schematic diagram of the overall study workflow

Red areas indicate the experimental workflow of study /, while blue areas represent the workflow of study 2. HC: healthy controls.

1.3 Resting motor threshold (RMT)
single—pulse TMS-EEG

RMT was defined as the minimum intensity to
induce motor-evoked potentials (MEPs) >50 uV in the
first dorsal interosseous (FDI) muscle in 5/10
consecutive trials. Single-pulse TMS was delivered to
the left M1 hand area (45° from midline) via a
Magstim Rapid? system connected to a figure-of-eight
coil. To facilitate consistency, RMT determination
was conducted after EEG setup. Coil placement was
measured relative to nasion and inion for cross-
session reproducibility in study 2%,

The DLPFC was targeted using the Beam F3
algorithm™, which estimates the scalp coordinates of
the left DLPFC based on the international 10-20
system without requiring individual structural MRL

and

While this approach offers relatively lower spatial
precision than neuronavigation, it ensures consistent
and reproducible targeting across participants and
sessions® 3!, Single-pulse TMS was then delivered to
the left DLPFC using the following parameters: 105
pulses at 110% RMT, with the coil positioned
perpendicular to the midline (handle pointing left)
using a figure-of-eight coil.

White noise masking was applied via earplugs
until  participants  reported minimal  auditory
perception of TMS clicks™?*. The interstimulus
intervals were 5 s£10% jitter.

1.4 EEG recording

During single-pulse TMS, EEG was recorded in
a temperature-controlled, sound-attenuated, and
electrically shielded room. Participants remained
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seated with eyes open and fixated forward. For study /,
a 64-channel EEG system (Brain Products GmbH,
Germany) was used for continuous recording at
5 000 Hz, with FCz as the reference and AFz as the
ground electrode. Electrode impedances were
maintained below 5 kQ throughout the session. Study
2 used the same EEG system but with a 32-channel
setup.

1.5 Cold pain assessment

The cold pressor test has been commonly used in
rTMS  studies®"*2% In this study, participants
immersed their dominant right hand in a computer-
controlled circulating cold-water bath at (5.0
0.1)°C (dhc-0505-a, http://www. giweiyiqgi. com/) P"=%,
As expectation could impact pain perception™ ", a
standardised conditioning procedure was implemented
to familiarise participants with the stimulus intensity
and minimise anticipatory effects. Participants first
immersed their non-dominant hand in the cold-water
bath for 30s®3%. During this period, they were
instructed to verbally describe the cold sensation (e.g.,
“cool” “cold” “painful”) but no pain ratings were
recorded. Following a 5 min drying and rest period,
formal testing commenced with the dominant hand.
Participants were instructed to withdraw their hand
when they could no longer tolerate the cold pain. Pain
tolerance was defined as the time interval from
complete palmar immersion to voluntary withdrawal.
1.6 Repetitive transcranial magnetic stimulation

In study 2, rTMS was delivered to the left
DLPFC at an intensity of 80% RMT**. The rTMS
protocol consisted of 15 trains of 10 s stimulation at
10 Hz frequency, with 50 s inter-train intervals
(totalling 1500 pulses) “"*). Sham stimulation
followed the same protocol, with the coil being
flipped 90° angle relative to the scalp to direct the
magnetic field away from the head'**.

1.7 TMS-EEG data processing and analysis

TMS-EEG data were pre-processed using the
TMS-EEG signal analyser (TESA)*”*! and custom
scripts running on MATLAB platform (R2017b, the
MathWork, USA). A fully automated pipeline was
used to avoid bias!®). Data were initially epoched
around the TMS pulses (-1 000 to 1 000 ms) and
baseline corrected (=500 to -10ms). The large
magnetic pulses were then removed and interpolated
(-5 to 20 ms). Data were then downsampled to
1 000 Hz and visually inspected for bad epochs or
channels.

A first round of FastICA was performed to
remove decay artifacts (signal in 11-35 ms > 4 times
of signal in 30-1 000 ms) using the TESA toolbox!*.
Data were then filtered using Butterworth filters

(band-pass=1-100 Hz;  band-stop=48-52 Hz). A
second round of FastICA was performed to remove
non-neural artifacts: eye blinks (components where
the weightings from FP1 and FP2 were>2.5 times of
other electrodes), lateral eye movements (weightings
of F7 and F8 were +2 times of other electrodes),
persistent muscle activity (components where the
slope of the log-log power spectrum fitted between 7
and 70 Hz, excluding 48-52 Hz, was >-0.31), and
electrode noise (absolute Z-score of one or more
electrodes >4) ). Component rejections were
performed using automated heuristics followed by
visual inspection by two experienced researchers
blinded to group assignment. Removed channels were
interpolated, and the data were re-referenced to the
common average.

After pre-processing, TMS-EEG data was
analysed with sensor level amplitude indicated as
TEPs and source activity indicated as SCD. In sensor
level analyses, EEG channel lying over the TMS
target was selected (F5, AF3). An a priori analysis was
conducted on NI120 (95-135 ms). This TEP
component was selected as it is most consistently
modulated by rTMS!"**, It is also considered as the
most robust TEP component with the greatest signal-
to-noise ratio*>". The other three TEPs were also
explored (N40: 35-45 ms; P60: 45-65 ms; P180: 165-
205 ms).

In SCD analysis, a boundary element headmodel
(BEM) was used according to a standard 10-20
template aligned with EEG electrode locations used in
this study. The three compartments (scalp, skull,
brain) were assigned conductivity values of 0.33 S/m,
0.004 1 S/m, and 0.33 S/m, respectively, following
standard settings in TMS-EEG source modelling!****,
A source grid model was then defined with 8-mm
spacing, which balances spatial resolution with
computational efficiency and is consistent with
previous TMS-EEG studies™ **!.

Source activities were calculated by a linearly
constrained minimum variance (LCMV) beamformer.
SCD is a standardised measure of regional excitability
induced by TMS?!. It is calculated with the following

SCD = zxazuEUSS(x,t)*‘Jnorm(x,t) ‘
SS(x.t)is the significant sources across the brain at

equation:

each time point, and Jnorm is the averaged post-pulse
time series at source level, normalised by subtracting
the mean pre-pulse value and dividing by pre-pulse
variances.

Both study / and study 2 examined seven regions
of interest (ROIs) selected to represent three key
functional dimensions of pain processing. Sensory-
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discriminative regions included S1, vpTHAL, and
pINS.  Cognitive-affective ~ regions  comprised
mdTHAL, aINS, and MCC. The descending
modulatory dimension was represented by PAG. This
selection aligns with conceptualizations of pain as
involving distributed hierarchical processing®"l.
1.8 Statistical analysis

Statistical analyses were performed in SPSS
(version 25; IBM Corp.). Independent sample z-tests
were used to compare TEP and SCD data between
migraineurs and healthy controls in study I.
Meanwhile, paired #-tests compared SCD data in pre-
and post-rTMS in study 2. To examine the analgesic
effects of DLPFC-rTMS, change scores of pain
tolerance were calculated from pre- to post-rTMS for
each condition, and a paired ¢-test was used to
compare DLPFC with sham condition. Pearson
correlations were used to examine correlations
between TMS-EEG and pain data. To control for
multiple comparisons across tests, the false discovery
rate (FDR) correction was applied. Statistical
significance for all analyses was determined based on
the FDR-corrected Q value, with a threshold of O<

(@

0.05 (two-tailed).
2 Results

2.1 Demographic and clinical information

This migraine cohort had disease duration
ranging from 1 month to 50 years, with a mean of
approximately 11.2 years. Over the past three months,
the monthly headache frequency had an average of
about 15d per month, and the mean headache
intensity score (assessed by 0-10 numerical rating
scale, NRS) was approximately 6.4 points. Most of
the latest headache episodes occurred within 1 to
several days before the study assessment. The healthy
controls had no history of migraine or related
treatment.
2.2 Local neuroplastic
migraineurs (study 1)

Grand-averaged TEP waveforms are shown in
Figure 2. Migraineurs had a less negative N120
amplitude compared to healthy controls in the DLPFC
(#(56) =2.27, P=0.027, Cohen’s d=0.60). No other
effects were observed in N40, P60, or P180 (P=0.210,
P=0.113, P=0.092).

abnormalities in
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Fig.2 Local neuroplastic abnormalities in migraineurs in study 7

(a) Grand-averaged TEP waveforms from the two groups. Migraineurs had a less negative N120 amplitude compared to healthy controls (HC) in the

DLPFC (95-135 ms). (b) The average and individual data of N120. *P<0.05.

2.3 Neural circuitry  abnormalities in
migraineurs (study /)

In the time window of N120, migraineurs
showed significantly higher SCD than healthy
controls in the S1 (#56)=3.68, P=0.001, Cohen’s d=
0.97, 0=0.004), pINS (#(56)=3.02, P=0.004, Cohen’s
d=0.79, (0=0.013), aINS (#56) =2.58, P=0.013,
Cohen’s d=0.68, 0=0.026), and MCC (#(56)=2.52, P=

0.015, Cohen’s d=0.66, 0=0.026) (Figure 3a, c, e, f).
No significant group differences were observed in the
vpTHAL, mdTHAL, or PAG (all 0>0.05, Figure 3b,
d, g).
2.4 Neural circuitry changes induced by DLPFC-
rTMS (study 2)

In the time window of N120, DLPFC-rTMS
significantly decreased SCD from pre- to post-rTMS
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Fig.3 SCD comparisons between the migraineurs and healthy controls in study 7

(a—c) SCD comparisons in the sensory-discriminative regions (S1, vpTHAL and pINS). Migraineurs showed higher SCD than healthy controls (HC)
in the S1 and pINS. (d-f) SCD comparisons in the cognitive-affective regions (mdTHAL, aINS and MCC). Migraineurs also showed higher SCD
than healthy controls (HC) in the aINS and MCC. (g) SCD comparisons in the descending structure (PAG). All P-values are FDR-corrected. *(0<0.05,

**0<0.01, ns not significant.

in the S1 (#(33)=-2.87, P=0.007, Cohen’s d=0.49, 0=
0.025), aINS (#33)=-2.70, P=0.011, Cohen’s d=0.46,
0=0.026), and MCC (#33)=-2.99, P=0.005, Cohen’s
d=0.51, Q=0.025) (Figure 4a, e, f). Following sham
stimulation, significant decreases in SCD were
observed in the S1 (#(33)=-2.93, P=0.006, Cohen’s d
=0.50, 0=0.022) and mdTHAL (#33) =-3.24, P=
0.003, Cohen’s d=0.56, 0=0.020) (Figure 4a, d). No
significant changes were found in the vpTHAL, pINS,
or PAG (all 0>0.05, Figure 4b, c, g).

2.5 Pain perception and correlations with neural
circuitry changes (study 2)

Group comparison revealed no significant
difference in the increase in pain tolerance between
DLPFC- and sham-rTMS (#33) =1.66, P=0.107).
Similarly, analysis of the proportional change
((post-pre)/pre) also showed no significant difference
between the two conditions (#(33)=0.680, P=0.501).

Correlation analyses revealed that decreased
SCD in the S1 was associated with both higher pain
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Fig.4 SCD comparisons between pre— and post—-rTMS in study 2
(a—c) SCD comparisons in the sensory-discriminative regions (S1, vpTHAL and pINS). DLPFC-rTMS decreased SCD in the S1 from pre- to post-
rTMS. (d-f) SCD comparisons in the cognitive-affective regions (ndTHAL, aINS and MCC). DLPFC-rTMS also selectively decreased SCD in the
aINS and MCC from pre- to post-rTMS. (g) SCD comparisons in the descending structure (PAG). All P-values are FDR-corrected. *(0<0.05,

**0<0.01, ns not significant.

tolerance at post-rTMS (R=-0.487, P=0.004, Q=
0.005) and a greater increase in pain tolerance from
pre- to post-rTMS (R=-0.487, P=0.004, 0=0.011)
(Figure 5a, b). Similarly, decreased SCD in the MCC

correlated with higher post-rTMS pain tolerance (R=
-0.495, P=0.003, 0=0.005) and a greater increase in
pain tolerance across the stimulation period (R=
-0.451, P=0.007, 0=0.011) (Figure 5c, d). In contrast,
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following sham stimulation, decreased SCD in the S1
showed no significant correlation with either post-
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Fig. 5 Decreased SCD in the S1 and MCC correlates with pain tolerance in study 2

The figure shows negative correlations between the reduction in source current density (ASCD, post-pre) and pain tolerance metrics. (a) Correlation

between ASCD in the S1 and post-rTMS pain tolerance. (b) Correlation between ASCD in the S1 and the improvement in pain tolerance (ATolerance,
post-pre). (c) Correlation between ASCD in the MCC and post-rTMS pain tolerance. (d) Correlation between ASCD in the MCC and ATolerance. All

P-values are FDR-corrected. *0<0.05, **(0<0.01.

3 Discussion

With concurrent TMS-EEG technology, we
provide novel findings that migraineurs are
characterised by a less negative N120 amplitude
compared to healthy controls. TEPs are a series of
negative and positive components induced by single
TMS pulses. Among them, N120 has the highest
signal-to-noise ratio, which is considered to reflect
GABAB-mediated intracortical inhibition®***. Our
findings thus indicate impaired intracortical inhibition
in migraineurs. This extends a previous meta-analysis
which identified a disinhibition in neuropathic pain
conditions™. In addition, this finding is consistent
with fMRI data that migraineurs had abnormal
connections in the executive control network in which

the DLPFC is a key node!'®>,

Notably, this impairment of intracortical
inhibition exhibited temporal specificity. In contrast to
the N120 abnormality, no significant differences were
observed between migraine patients and healthy
controls in the N40, P60, or P180 components. N40 is
primarily considered to reflect fast cortical inhibition
mediated by GABAA receptors, P60 is associated
with glutamatergic excitatory activity, and P180 has
been linked to voltage-gated sodium channels®>3* 37,
In contrast, N120 reflects slow-time-course cortical
inhibition mediated by GABAB receptors, which is
critically involved in the long-term regulation of
synaptic plasticity’®. The selective abnormality of the
N120 component in migraine patients suggests that
the underlying pathophysiology may be more closely
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related to impaired slow-time-course inhibition rather
than alterations in other aspects of cortical excitability.

At the source level, in line with DLPFC
disinhibition, migraineurs also demonstrated higher
current density in the S1, pINS, aINS, and MCC in
our data. This set of ROIs involves processes from
sensory encoding to affective-cognitive evaluation in
pain processing. S1 and pINS, as core sensory
processing areas, showed hyperactivity®'". Their
hyperactivity is neurobiologically consistent with the
widespread hypersensitivity and exaggerated response
to noxious stimuli commonly observed in
migraineurs. Furthermore, hyperactivity was also
observed in the affective-cognitive hubs of the pain
network. The aINS, closely linked to interoceptive
abnormalities and anxiety in chronic pain, and the
MCC, a core region encoding pain unpleasantness and
regulating attentional resources toward pain®”, both
displayed abnormal excitability. This helps explain
why migraine extends beyond sensory symptoms to
encompass significant emotional distress and
cognitive  burden'®. Our finding of MCC
hyperactivity aligns with prior evidence of its
heightened responsiveness to mnoxious stimuli in
individuals with migraine!®). Notably, a study
reported no difference in IC/MCC activation under

healthy controls, brainstem trigeminal nucleus activity
showed periodic predictive changes™”. In contrast, the
hyperactivity observed at the source level for aINS/
pINS/MCC in this study provides new evidence for
cortical homeostatic imbalance in migraineurs. Within
this framework, our results suggest that the reduced
inhibitory function in the DLPFC may impair its top-
down regulation over these hyperactive sensory and
affective integration nodes, potentially contributing to
a deficient endogenous analgesic system.

After identifying the S1, pINS, aINS, and MCC
hyperactivity in migraineurs, our data further
demonstrated that DLPFC stimulation selectively
decreased current density in the aINS and MCC in a
group of healthy participants. Our previous study
demonstrated that DLPFC stimulation induced local
excitability changes that were associated with an
analgesic effect®”. In migraineurs, DLPFC-rTMS
treatment was further found to increase functional
connectivity between the DLPFC and somatosensory
and cingulate cortices!'"). Building on these findings,
the current study identified neuroplastic changes in
circuitries that likely underlie the analgesic effects of
DLPFC stimulation. A theoretical summary of this
neuroplasticity and neurocircuitry mechanism is
provided in Figure 6. These novel and consistent

standard noxious stimuli between migraineurs and findings provide circuitry evidence for the
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Fig. 6 Theoretical summary of DLPFC-rTMS induced neuroplasticity and neurocircuitry modulation in migraine
Arrows indicate TMS-evoked SCD changes (DLPFC—aINS/MCC/S1) supported by the present data. HC: healthy controls.
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optimisation of rTMS efficacy for migraineurs and
potentially other chronic pain conditions (discussed
later).

Indeed, we provided further evidence that
decreased current density in the S1 and MCC was
associated with both greater pain tolerability at post-
rTMS and a larger improvement in tolerability (post-
pre) after DLPFC stimulation. This finding helps
build up connections between brain activity changes
and pain experiences. As a key node integrating
sensory and affective information and involved in
cognitive control®’] the correlation observed in the
MCC suggests that rTMS analgesia may operate in
part by improving the cognitive-affective evaluation
of pain. Concurrently, the reduction in S1 activity
indicates that the therapeutic effect also involves
modulation of primary sensory representation.
Therefore, DLPFC-rTMS may exert potential
analgesic effects by synergistically regulating sensory
processing and  cognitive-affective  evaluation
networks.

To determine whether the observed neural-
behavioural associations were specific to active
stimulation, we further analysed neural changes under
sham stimulation. We found that sham stimulation
induced a significant decrease in SCD in the S1 and
mdTHAL. Notably, sham stimulation did not induce
significant SCD changes in the MCC. Therefore, it is
important to demonstrate whether the association
between S1 and pain tolerance is unique to active
stimulation. To address this, we further calculated the
correlations between sham-induced neural changes (in
the S1 and mdTHAL) and behavioural changes. The
results showed no statistically significant correlations.
This dissociation observed in the S1 indicates that the
behavioural relevance of a neural change is distinct
from its mere occurrence. These sham-induced neural
changes could arise from multiple factors. Although
we used white noise masking to control auditory
input!®!, sham stimulation still produces genuine
somatosensory input and participant expectation and
placebo effects!®. These non-specific factors are
sufficient to activate core sensory pathways including
the thalamus and S1, giving rise to measurable neural
responses’®.

We also found no significant difference in pain
perception between real and sham stimulation (P=
0.107). However, real DLPFC stimulation increased
pain tolerance (1.37), whereas sham stimulation did
not (-0.36). Several factors may account for these null
behavioural findings. One possibility is that
behavioural changes require more treatment sessions
than neural changes, particularly in healthy

individuals. Moreover, healthy volunteers have intact
pain processing, leaving limited room for modulation,
and the cold pressor test may have limited sensitivity
to single-session rTMS. Together with the neural-level
findings, this discrepancy suggests that neuroplastic
changes may precede behavioural improvements or
require repeated sessions to accumulate.

It is worth noting that the pINS, which showed
hyperactivity in migraineurs (study /), was not
significantly modulated by a single session of DLPFC-
rTMS in healthy participants (study 2). This
discrepancy likely reflects regional differences in
sensitivity to DLPFC-rTMS. Functionally, the pINS is
specialised for multimodal integration of sensory pain
features, contributing to stable and sustained somatic
perception'®!. Structurally, aINS is strongly connected
to the ventral prefrontal cortex (e.g., BA45/47) via the
uncinate fasciculus, while the pINS predominantly
connects to sensorimotor regions with sparse
prefrontal projections!® . Functional connectivity
studies further support this distinction. A TMS-fMRI
study demonstrated that 10 Hz rTMS over the left
DLPFC reliably activates the aINS as part of the
salience  network!®.  Moreover,  resting-state
functional connectivity studies have shown that
baseline connectivity between the DLPFC and the
aINS predicts clinical response to rTMS in patients
with major depressive disorder” further supporting
the functional importance of this pathway. In contrast,
the pINS is more strongly coupled with sensorimotor
networks and shows weaker integration with
prefrontal cognitive control systems. Thus, in the
present study, DLPFC-rTMS may have preferentially
engaged its interaction with the affective-cognitive
network (aINS) while failing to effectively mobilise
its regulatory pathway to the sensory integration node
(pINS).

Unlike the prominent findings in sensory and
affective-cognitive dimensions, no significant SCD
changes were observed in the PAG in either migraine
patients (study /) or following rTMS intervention
(study 2). Several factors may account for this null
finding. First, the PAG is located in the brainstem,
relatively distant from the stimulation coil, and a
single session of rTMS may be insufficient to induce
detectable changes. Second, SCD reflects local
neuronal activity elicited by the TMS pulse, i. e., the
immediate cortical response to stimulation of the
DLPFC. As a core hub of the descending pain
modulatory system, the PAG may exert its influence
more at the level of functional connectivity than local
evoked responses, consistent with previous studies
showing altered PAG functional connectivity with
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cortical pain networks in migraine!’!. Thus, the
absence of PAG changes does not preclude its
involvement in migraine pathophysiology, but
suggests that its dysfunction may be more readily
captured at the network level. Future studies
employing higher stimulation intensities or combined
functional connectivity analyses are warranted to
further elucidate its role in rTMS analgesia.

Our findings have direct implications for the
management of migraineurs and other chronic pain
conditions with brain stimulation technologies. Recent
studies indicate that connectivity-based TMS targeting
may be advantageous in the treatment of
depression'”*", This idea has also been proposed for
pain management in two review studies’>7%. The
current study identified unique pain-related circuitries
in the aINS and MCC. These novel findings could be
utilised to improve treatment efficacy for chronic pain
conditions. In addition, rTMS treatment protocols
need to be optimised to achieve a better treatment
efficacy, such as the development of accelerated TMS
paradigms in depression”’” ™. Our findings thus
provide biomarkers for the development of rTMS
protocols and parameters to achieve a better analgesic
efficacy.

It is noted that study 2 used the cold pressor test
to elicit acute, experimentally controlled pain in
healthy participants rather than spontaneous migraine
attacks. While this paradigm is a widely accepted
experimental pain model with high reproducibility™",
it does not fully simulate the complex
pathophysiology of spontaneous migraine.
Nevertheless, the cold pressor test activates core pain
processing regions, including the insula, cingulate
cortex, prefrontal cortex, and somatosensory
cortex®, which show substantial overlap with regions
exhibiting functional abnormalities in migraine
patients®™, as well as with the abnormal brain regions
identified in study / (i. e., S1, pINS, aINS, MCC).
Thus, the mechanisms revealed in healthy individuals
may provide insights into the analgesic effect in
migraine.

There were some limitations in this study. The
two studies differed in study populations (patients
with migraine vs. healthy controls), age ranges (18—-63
years vs. 1825 years), and EEG systems (64-channel
vs. 32-channel). Given that cortical plasticity changes
across the lifespan®™), age may influence
neurophysiological responses to rTMS. However, the
age range in both studies falls within the typical onset
period of migraine®!. A 32-channel EEG can be used
in TMS-EEG studies®™®®! with source localisation
accuracy being comparable to higher-density arrays

when using standard head models and predefined
regions of interest®®). It is noted that our
conclusions are drawn from qualitative convergence
rather than quantitative comparisons between 2
channel arrays. However, future studies are warranted

to directly validate these findings in patient
populations  experiencing spontaneous migraine
attacks and with more consistent methodological
designs.

Nonetheless, it is worth noting that later TEP
components (>100 ms) could be contaminated by
artefact in TMS-EEG recordings, which typically
have large amplitudes and are generally located over
central electrodes” . Our N120 component was
selected from the frontal cortex with small amplitudes
(<2 V), and is therefore less affected by such
artefacts. In addition, this study focused on pain
experience and modulation systems, which may
conceal alternative contributions from other brain
regions or networks. Future studies could explore
these possibilities using data-driven whole-brain
approaches™, as well as other emerging brain

stimulation paradigms to further broaden the
therapeutic landscape!®*,
4 Conclusion

Migraineurs demonstrated abnormal N120

amplitude over the prefrontal cortex that likely
indicates intracortical  disinhibition. @We also
demonstrated hyperactivities in the aINS and MCC in
migraineurs, that could be decreased by a single
session of DLPFC stimulation. These novel findings
together identify neural circuitries that could guide the
development of more effective treatment strategies for
migraineurs.

Date Availability = The datasets generated and
analysed during the current study are not publicly
available due to the need to protect the privacy and
confidentiality of research participants, as the
informed consent obtained did not include provisions
for open data sharing. However, anonymised data may
be available from the corresponding author on
reasonable request, subject to approval from the
institutional ethics committee.
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